An electrorheological fluid (ERF) (magnetorheological fluid -MRF) is a particulate suspension which shows a dramatic increase in flow resistance upon application of an external electric (magnetic) field. In both systems, the fundamental physical process is believed to be that the field induces polarization of each particle with respect to the carrier material, and the resulting interparticle forces cause elongated aggregates of particles to form in the field direction. While recent years have witnessed the appearance of several applications using these tunable flow properties, optimal use of this technology is still hindered by our incomplete understanding of the underlying mechanisms. This paper surveys our current understanding of several of the key issues governing the rheological behavior of MRF and ERF, with particular focus on recent progress made in important areas such as the behavior under high fields, sedimentation, temperature dependence, effect of wall surface conditions, and advances made in developing practical modelling strategies.
INTRODUCTION
Recently, there has much interest in electrorheological fluids (ERFs) and magnetorheological fluids (MRFs) which are "smart materials" with rheological properties that can be dramatically but reversibly altered by externally applied electric or magnetic fields respectively. The tunable flow properties of these particulate suspensions offer many potential applications, such as adjustable vibration damping devices, clutches and control valves. This field-induced increase in flow resistance is often referred to as the "electrorheological effect" or "ER effect" ("magnetorheological effect" or "MR effect" for the magnetic systems). There has been considerable activity worldwide in both industry and academe towards gaining an understanding of the fundamental mechanisms behind the ER or MR effects, in order to facilitate the development of optimal DOI: 10.1515/arh-2001-0004 materials and efficient application strategies. For both ERF and MRF, however, it appears that technological progress and further commercialisation is still somewhat hindered by our incomplete understanding of the basic physical mechanisms of these systems. This paper briefly presents an overview of some of the key unresolved issues related to the physical mechanisms behind the rheological behavior of ERF and MRF. In general, from the viewpoint of desirable rheological characteristics, an ideal ERF or MRF should satisfy the following :
• A large and reversible field-induced change in flow resistance;
• Significant field-induced rheological activity over a wide temperature range;
• Long term stability against sedimentation and irreversible flocculation. Historically, although the earliest studies of both systems occurred almost simultaneously (Rabinow [1] in 1948 for MRF, and Winslow [2] in 1949 for ERF), the electrical systems have been the focus of most of the attention up to now, particularly during the sustained research and development effort over the last 10-15 years. Indeed, there are now several extensive review articles on ERF available in the literature [3] [4] [5] [6] [7] [8] [9] [10] . On the other hand, the last few years have seen renewed interest in MRF, primarily motivated by the large field-induced stresses that now seem to be achievable. Recently a few review articles on MRF have appeared in the literature [11] [12] [13] , and it is thought that to be of the widest use to the applied rheology community, the focus of the present paper should be somewhat more on the magnetic systems.
This paper surveys the state of our knowledge of the microstructural mechanisms behind the field-induced rheological behavior of MRF and ERF, and will attempt to point out some of the key issues that still require careful investigation. An understanding of the fundamental physical processes can directly contribute towards optimisation of the material properties and application techniques, thereby assisting the commercialisation of ERF and MRF technology.
The rest of this paper is organised as follows. In section 2, we present an overview of the Bingham fluid-like rheological response under steady shearing, which appears to be a common feature of both ERF and MRF (section 2.1). In sections 2.2 and 2.3, separate brief overviews focusing on the materials and applications of ERF and MRF are presented. Section 3 contains discussions of some of the key unresolved issues pertaining to the response of these materials: section 3.1 describes behavior under high fields (magnetic saturation in MRF, and non-linear conductivity in ERF); section 3.2 considers particle sedimentation which is particularly an issue with the metalbased particles used in MRF; and section 3.3 briefly reviews temperature effects. Issues pertaining to the relationship between the rheological behavior and the microstructure of the particle aggregates are discussed in section 4.1, and the important issue of wall effects is treated in section 4.2. Section 4.3 addresses the rheological behavior in deformation geometries other than simple shearing, such as squeeze flow, and section 4.4 describes some recent advances in strategies for theoretical calculations and modelling of these systems. Concluding remarks and suggestions for future research directions are presented in section 5.
OVERVIEW OF ERF & MRF

FIELD-INDUCED RESPONSE UNDER STEADY
SHEARING Typically both ERF and MRF consist of suspensions of solid particles dispersed in an appropriate carrier fluid, which show a rapid and reversible increase in flow resistance when an external field is applied. To date, most rheological tests of these systems have been carried out with steady shearing deformation. An example is shown in Fig. 1 
Here g · is the shear rate and h is the plastic viscosity. t y is the yield stress induced by the magnetic flux density, B, and depends strongly on B.
The Bingham fluid equation (Eq. 1) is also found to describe well the behavior of ERFs under shearing, with the yield stress depending on the electric field strength, E. Under the high fields typically accessible in modern electrical or magnetic engineering, MRF tend to show higher yield stresses (e.g. approx. 100 kPa under 1T flux density [11, 26] ), compared to ERF (typically 10 kPa or less at 4 kV/mm -see e.g. [14, 15] ). Indeed, the large yield stress is perhaps the main reason for the recent surge of interest in MRF, whereas ERFs have been the object of steady interest over the last decade or more. In both MRF and ERF, the basic mechanism for the increased flow resistance is thought to be that the external field induces polarization within each particle relative to the carrier fluid, and the resulting magnetostatic (electrostatic) interaction forces between the particles lead to the formation of aggregates aligned in the direction of the field. If the sample is deformed, the presence of these elongated particle aggregates causes the viscosity to increase dramatically (Fig. 2 ).
BRIEF SURVEY OF ERF
Electrorheological fluids (ERFs) are typically micron-sized particles composed of a "leaky dielectric" material, dispersed in a highly insulating carrier liquid with a volume fraction of the order of 0.3. There are many possible combinations, but some well known examples include cellulose or silica hydrous particles in silicone oil, carbonaceous particles in silicone oil [16] , and semi-conducting polymer-based particles in an insulating oil [17] . There are review papers which τ τ ηγ = + y˙g ive more detail on material aspects of ERF [4, 7, 8] . Recently, there have also been studies of the electromechanical behavior of electrorheological elastomers, where the particles are dispersed in an elastomer matrix [18, 19] . Although the field-induced viscosity increment in ERF is generally thought to arise from the interactions between the electrically polarised particles, there are still many aspects of the physical mechanism which need clarification. For example, the nature and role of electrical conductivity under the high fields is not completely understood, as well as the different behaviors often observed under ac and dc electric fields. There has been much research effort put into ERF over the past decade, and several review papers are available now which give an overview of ERF and some of the physical processes thought to be behind the observed behavior [3] [4] [5] [6] [7] [8] [9] [10] . The interested reader is also encouraged to refer to the proceedings of the recent international conferences that have been held [20] [21] [22] . There is also a useful collection of articles compiled by Havelka and Filisko [23] . Applications of ERF mainly centre around tunable vibration damping devices, and progress reports on several of these can also be found in the conference proceedings. Presently, a typical value for the yield stress under say a 4kV/mm field would be 10kPa or less.
This article aims to present an overview of our understanding of the common and different features of the mechanisms behind the ER effect and MR effect, and so the reader more interested in recent progress in the material aspects or application technologies is encouraged to refer to the papers and books cited above and references therein.
BRIEF SURVEY OF MRF
Magnetorheological fluids (MRFs) are the magnetic counterparts of ERF, and typically use micron-sized magnetizable particles dispersed in a carrier liquid. It should be pointed out that MRFs are different to ferrofluids, which are suspensions of approx.10nm sized single-magneticdomain ferrite particles, which show a more modest change in flow behavior under magnetic fields. For MRF, the requirement that the particle material be magnetizable inevitably means the particles have considerable metallic content, which in turn implies that the range of possible materials is somewhat more restricted than with [27, 28, 36] . The impressive yield stress is indeed one of the key reasons for the renewed interest in MRF, and recently there have been considerable efforts to develop applications of MRF technology (see the reviews of MRF applications in [37] [38] [39] ). Particularly noteworthy applications include:
• Lord Corp (USA) produce commercially available fluids and devices, e.g. shock absorbers [39] • At the University of Rochester, development of the Q22 automated lens polishing system which uses an aqueous MRF, see e.g. [31, 40] • Dyke and co-workers [41] report the use of MR dampers for enhancing the response of civil engineering structures under severe earthquakes
Since much of the research effort over the past decade into these field-responsive suspensions has gone into the electrical systems, the degree and depth of investigation into MRF is somewhat limited. There are now some review articles on MRF available [11, 13, 24, 37] , and also a substantial number of papers on MRF can be found in the proceedings of recent ERF-MRF international conferences [20] [21] [22] . This paper will focus on the physical mechanisms behind the rheological response of MRF, and so while issues such as materials and applications are most important, for reasons of space they will not be discussed here in detail -the interested reader is referred to the articles cited above.
UNDERLYING MECHANISMS OF ERF & MRF: SOME UNRESOLVED ISSUES
BEHAVIOR UNDER HIGH FIELDS
The size of the MR effect and ER effect increases dramatically as the magnitude of the external field is raised, and hence from an applications viewpoint there is a strong need to understand the behavior of these systems under high applied fields (magnetic or electric). Ideally within the framework of the simplest model (the "point dipole" model -see section 4.4 below), the yield stress is expected to vary quadratically with the field strength, and indeed this is observed under weak fields for ERF [8, 9] and MRF [25] .
ERF. Carbonyl iron particles are commonly used, since they show low coercivity (low remnant magnetisation) and high magnetic permeability, and are commercially available in sizes in the range 1-100mm (e. g. see [24] ). The carrier fluid is often silicone oil or some light mineral oil. Newer materials are also being developed, such as aqueous suspensions of monodisperse colloidal polystyrene spheres which contain magnetic Fe 2 O 3 grains [25] ; nickel zinc ferrite based particles [26] ; magnetic polystyrene particles containing 60% (weight) magnetite [27, 28] ; and magnetic iron -cobalt alloy particles [29] . A review of materials for use in MRF has given by Phule [12] . Further, the possibility of mixing particles of different sizes to enhance the MR effect has been reported by Kordonsky and co-workers [30] . Lemaire and co-workers [27] have also examined some of the effects of particle size. Volume fractions are typically of the order of 0.3. For the carrier liquid, silicone or mineral oils are most commonly used, although some workers have even used aqueous solutions to produce MRF [25, 31] . The wider variety of possible carrier liquids for MRF is in contrast to the situation for ERF, where insulating oils with high purity must be used because of the large electric fields encountered. Indeed, in MRF, using a matrix with tailored viscoelastic or viscoplastic properties is one of the strategies being pursued to minimise the effects of particle sedimentation (discussed in section 3.2). It should also be noted that it is often necessary to use stabilising agents to prevent permanent flocculation of the particles. For example, the use of oleic acid with carbonyl particles in light mineral oil has been reported [32] , and the use of other additives are discussed in the reviews by Ashour et al. [24] and Phule [12] .
The rheological behavior of MRF is characterised by large field-induced yield stresses -for example Ginder [11] reports t y is approximately 100 kPa under a 1T flux density. Much of the literature on basic rheological tests are summarised in [11, 13, 24] . Particularly noteworthy are the series of tests carried out by Laun and coworkers [33] who systematically modified the arrangement of the magnetic field applied to the MRF in a concentric cylinder rheometer under steady shearing, and examined the effects on the rheological response. The yielding behavior under very slow shearing has also been examined [34, 35] . A series of rheological tests under For MRF, as the strength of the magnetic field is further increased, magnetic saturation occurs in the polar regions of neighbouring particles aligned in the field direction, since the field is locally concentrated in the contact area between the particles. Under very high fields, the overall magnetisation of the particles becomes completely saturated, and the polarization of one particle approaches a fixed value independent of the magnetic field. Calculations of interparticle force and the yield stress based on a chain of particles have been performed by Ginder, Davis and co-workers [32, 42, 43] . These calculations predict that as the magnetic flux density B is raised, the dependence of yield stress on B begins to follow a 3/2 power, and this was found to agree with experimental measurements in a number of MRF systems (Fig 3) [32] .
For ERFs under high electric fields, the physical processes are actually quite complex and the response is dominated by the behavior of the charge carriers, with phenomena such as dielectric breakdown, non-ohmic conduction etc. Indeed, for this reason, the performance of ERFs under high fields is known to be very sensitive to the nature of the conductivity of the constituent materials and the presence of any impurities [16, [44] [45] [46] [47] . In fact, it appears that there is an optimum level of particle conductivity for the ER effect [48] , but even presently the role that conductivity plays in ERF is not well understood. From a practical viewpoint, it should be noted that the high voltages needed for ERF require specialised (and costly) equipment, whereas typically much lower voltages are needed for MRF.
SEDIMENTATION OF PARTICLES
Although sedimentation or buoyancy effects occur in most suspensions containing particles larger than a few microns, for MRFs sedimentation is a particularly significant issue, since the particles are usually quite heavy due to their considerable metallic content. Further, the small degree of remnant magnetisation often present in the particles means that flocculation tends to occur even in the absence of a field [12] . Currently, a main area of research in MRFs is the development of strategies to minimise the effects of sedimentation. Techniques that are being explored include:
• The use of 30nm sized particles which are kept dispersed by Brownian motion, but which are large enough to experience strong interparticle forces when a magnetic field is applied, has been reported by Kormann and co-workers [49] . The yield stress achievable with these systems is considerable, for example 4 kPa under a 0.4 T flux density, although this is somewhat less than the yield stresses obtainable with conventional MRFs. Further, the MR effect of these nanometer systems would be expected to show a significant dependence on temperature.
• The use of chemical reagents to prevent irreversible flocculation in the sediment thus facilitating ready re-dispersement even after some settling has taken place [12, 24, 25, 32] .
• For the carrier matrix, selection of a material which has a yield stress or shows significant shear thinning. In the absence of the field, the downward motion of the particles under the weak force of gravity is thus hindered, but motion occurs much more readily under the stronger magnetostatic forces under a magnetic field. Note that since the MR effect is based on magnetically responsive materials, there is much more flexibility in the choice of the carrier matrix, as opposed to ERF where the purity of the matrix is essential and highly insulating oils need to be used. For example, Rankin et al. [50] have examined the response of MRFs where greases with various yield stresses were used as the matrix, and found that significant field-induced changes in mechanical properties could still be obtained. Kordonsky be achieved between minimising sedimentation but having reasonable flowability in the absence of a field, enabling a large increment in the flow properties to be realised. An extension of these concepts is to disperse the MRF particles in an elastomer in high concentrations (making a so-called "magneto-rheological elastomer" or "MR elastomer"). Although clearly such materials cannot be used in situations involving steady flow of the fluid, they can be very useful where only small strains are encountered and rapid changes in the elastomer properties are required (eg vibration isolation devices where the stroke is small). The possibility of ER elastomers has already been studied (e.g. [18, 19] ) and certainly this configuration could be ideally suited for MRFs since the magnetic field is still able to produce the large change in mechanical properties but the sedimentation problem is eliminated. Several articles on MR elastomers have appeared: [51] [52] [53] focus on experiments and applications, whereas theoretical aspects have been studied by Davis [43] and Martin et al. [54] . An interesting mixture of the conventional MRF and elastomer systems is the MR sponge approach [39] , where the MRF suspension is impregnated into an absorbent polyurethane foam.
TEMPERATURE EFFECTS
Many proposed applications of ERF and MRF require them to be operable over a wide temperature range eg in automobiles. As surveyed in [4, 7] , the temperature dependence of ERF is complicated by the fact that the dielectric and conductivity properties (eg charge carrier mobility) are strongly temperature dependent, and these will in turn affect the strength of the interparticle interactions and hence the rheological response. Further, many ERFs use small amounts of liquid additives to enhance their performance and the effectiveness of these can clearly depend on whether the temperature is low (possible freezing) or high (possible evaporation). Finally, the viscosity of the carrier fluid is also expected to show temperature dependence, and this will be reflected in any temperature sweep rheological tests made. For MRF, on the other hand, the temperature dependence of the viscosity would appear to be the main determining factor, since the magnetisation itself is expected to be reasonably independent of temperature over the range, say, -50˚C to +150˚C. This is because the magnetic properties of most ferromagnetic materials diminish significantly only at much higher temperatures (eg the Curie point for iron is approximately 760˚C). This has been verified in a series of experiments by Weiss and Duclos [55] , and more recently by Bombard and Joekes [56] .
Clearly more fundamental investigations are needed to clarify the mechanisms of the temperature dependence of the ER and MR effects, since this is a most important issue from the perspective of practical applications.
RELATING RHEOLOGICAL BEHAVIOR TO THE MICROSTRUCTURE IN ERF & MRF
MICROSTRUCTURE IN THE PARTICLE AGGRE-GATES
The configuration of particles within the stressbearing chains or columns, and the influence this has on the overall mechanical response, is still an active area of research: for example, issues such as the optimal microstructural arrangement of particles, or the effects of particle geometry and size distribution. There is already a significant body of work on the role of microstructure in ERF (see the review articles [9, 10] and references therein), and recently several papers have appeared which deal with magnetic systems. Calculations of the stability and magnetostatic energy associated with different aggregate structural types in MRF have recently been reported [57] [58] [59] . Experimental observations of the structure of the particle aggregates in MRF have also been carried out [60] [61] [62] [63] [64] . Techniques such as optical transmittance [65] and light scattering [66] have helped to illuminate many features of the microstructure, and Melle and coworkers [67] have used light scattering measurements combined with a rotating magnetic field to probe the structural dynamics. Other techniques to investigate the microstructure in MRF include the use of magneto-induction experiments on a quiescent MRF [68] , as well as the work of Nahmad-Molinari et al. [69] who used the propagation of sound waves through an MR slurry to probe the fibrillated structure under a magnetic field.
In addition to the tests performed using steady shear flow, which appear to be the most common, a good rheological tool for probing the effect of particle rearrangements would be small amplitude oscillatory deformations. This is an approach that has not received much attention in MRFs up to now, with reports from Weiss et al. [34] and more recently from Rankin et al. [50] using MRF particles dispersed in greases. In ERFs, small strain oscillatory shear tests, often combined with particle-level computer simulations, have been shown to furnish useful insights into the dynamics of the aggregate microstructure and the effects on the rheological response [70] [71] [72] . Small amplitude oscillatory measurements on MRF to study the field dependent moduli and the dependence on particle type and concentration would certainly be a useful contribution to our fundamental knowledge of these systems.
WALL EFFECTS
Most basic studies of the flow properties of ERF and MRF systems are performed on conventional rheometers modified to apply the appropriate field to the sample. It should be noted that the condition of the walls of the rheometer cell can greatly influence the results obtained, and indeed the same is true for the walls of any proposed device using these materials. In the case of ERF, it is known that wall surface conditions, for example the degree of roughness, will affect the magnitude of the field-induced flow properties [73, 74] . In the case of ERF, the walls are invariably made of metals such as steel or contain substantial metallic components, and any protuberances or sharp edges can significantly distort the electric field. The non-uniform electric field leads to a dielectrophoretic force acting on the particles, which can cause macroscopic non-uniformities in the distribution of particle aggregates and hence affect the magnitude of the ER effect.
Such a phenomenon is less likely to occur in MRF, unless the walls are deliberately made from materials with significant magnetic permeability to cause distortion in the field lines. Nevertheless, in MRF as well, it appears that some degree of wall roughness significantly enhances the field-induced yield stress, possibly through some kind of mechanical entrapment of the particles at the wall surface [28, 35] . Note that depending on the permeability of the wall material, "image dipole effects" in MRF can be very different to those encountered in ERF (e.g. there is only a small image dipole force in MRF if stainless steel walls are used [28] ).
NON-SHEARING DEFORMATIONS
There has been recent interest in using these field-responsive materials in deformation geometries other than simple shearing, which has been the main focus of attention up to now. In particular, there has been some interest in using these materials in the squeezing flow mode, whereby the fluid is sandwiched between two parallel plates which are moved small distances together or apart with no torsional motion, the external field being applied normally to the plates (Fig. 4) . ERFs are perhaps well suited to this application, since it is relatively easy to deliver a constant voltage to plates covering a considerable area to produce the uniform electric field required (it is much more cumbersome to deliver a uniform magnetic field over a wide area). Indeed, there have been several reports of the effective use of ERF in the squeeze flow mode (see discussion in the review [10] and references therein; also [75, 76] ). A preliminary study using MRF in a squeeze flow damper has been reported [77] . A related development is the recent suggestion by Tang and co-workers [78] that the flow resistance of MRF (even under shearing) is greatly increased by initial compression of the activated material. Understanding of the behavior of ERF and MRF in pressure driven flows at the microstructural level is also an area that requires investigation. 
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ADVANCES IN THEORETICAL MODELLING
STRATEGIES A major component of achieving an understanding of the fundamental mechanisms behind the rheological behavior of ERF and MRF is the development of theoretical models which, although invariably containing many simplifications, are able to capture many of the essential physical processes in these systems. The simplest and most often used model is the "point-dipole" approach, where it is assumed that the particles interact through dipoles of fixed strength parallel and proportional to the external field -the magnitude of the dipole is typically that of an isolated spherical particle. This model is able to reproduce the quadratic dependence of the yield stress on field strength, which has been observed in ERF and MRF under low fields. There are now many calculations and molecular dynamics computer simulations of ERF behavior based on this model (see the reviews in [9, 10] and references therein), and the physical similarity between the electrical and magnetic systems under low fields enables the results obtained for ERF to be translated to the case of MRF [36] . Recently there have been calculations which derive analytical expressions for the yield stress using the combination of the point dipole approach and the "single-width chain model" of ERF [79, 80] . Jolly and co-workers [81] presented a simple model of MRF which was based on the point dipolar approximation of the interaction between particles, and treated the problem of an assumed lattice structure undergoing shear deformation. Extensions of this particle-level approach beyond the fixed point dipole interaction to incorporate multibody and multipole effects have been attempted, but the calculations become very complex [9, 10] . For MRF under low fields, a calculation using the chain model and approximately accounting for higher moments was reported by Zhang and Widom [82] . For MRF, the problem is further complicated by the fact that even under moderate fields, the intense local magnetic fields found in the contact regions between neighbouring particles lead to magnetic saturation, which cause significant non-linearities in the particle's overall polarization. Ginder and Davis [42] used a finite element technique to study the effect of magnetic nonlinearity and saturation on the shear stress of a chain of spherical MRF particles. These workers also presented a "two-zone" model to approximately account for the effect of magnetic saturation in the polar regions of two nearly contacting particles aligned with the field [32] . Interestingly, for ERFs under high fields , a similar two-zone model has been proposed by Atten and co-workers [83] to model the effects of nonlinear conductivity in the contact region between particles. Although these calculations are a major advance in the modelling of the mechanism of ERF and MRF, there is still considerable work to be done before these "two-zone" approaches can be implemented into particle-level simulations, since the calculations must be extended (even approximately) to the general case where the two nearly contacting particles are not aligned in the field direction, so that there are both in-line and torque components of the particle pair interaction. On the experimental side, Tan and Jones [84] report an interesting series of measurements to directly determine the interparticle forces between ferromagnetic steel balls. It should be noted that the non-linearities due to magnetic saturation become less pronounced under very high fields since the whole particle achieves magnetic saturation and will act as a uniformly polarised body, enabling the models developed for fixed dipole strengths to be used.
In addition to the above particle-particle interaction approaches, an alternative way to formulate models of ERF and MRF behavior is to assume some kind of smeared-out continuum to replace the particle aggregates. In the case of ERF under steady shear flow, a layered structure model has been presented [47, 85, 86] . For MRF, models based on the magnetic material being arranged in laminae or cylinders to represent the columns of particles aligned with the field, have been used to estimate the yield stress. For example, Rosenweig [87] calculated the yield stress by determining the magnetic and elastic stress states when the composite is sheared. These predictions were tested experimentally using a magnetic hole system (non-magnetic particles in a magnetic carrier liquid) by Popplewell and Rosensweig [88] . Experimental evidence for the cylindrical structures in MRF was reported by Cutillas and co-workers [63, 89] . More recently, Tang and Conrad [90] have calculated the yield stress of MRF using the model of laminae and columns of MRF undergoing shear deformation, and approximately accounted for the field con-centration between the particles and the effects of magnetic saturation and particle concentration. They found reasonable agreement with experimental data.
Finally, an equilibrium thermodynamic approach has recently been advanced by Shkel and Klingenberg [91, 92] , whereby the entire fluid is replaced by a uniaxial anisotropic continuum. The strain dependence of the dielectric tensor (for ERF) or permeability tensor (for MRF) are calculated via electro-and magnetostriction coefficients, enabling the field-induced stresses to be determined from the free energy. Since this is an equilibrium approach, it is restricted to calculating the small strain response of these systems (essentially the yield stress) and in its present formulation assumes a linear material response to the field (ie low fields in MRF -before magnetic saturation). The advantage of these continuum techniques is that, in principal, the behavior under any deformation or sample geometry can be predicted, without detailed information of the microstructure of the particle aggregates.
CONCLUSIONS
In this paper we have considered the fieldinduced changes in flow resistance of electrorheological and magnetorheological fluids, with particular focus on the underlying physical mechanisms. A brief survey was presented of the current level of fundamental understanding of these materials, as well as discussions of several of the key unresolved issues.
At first, it may appear to a newcomer to the field that the MRF and ERF systems are essentially similar, since both are particulate suspensions with the interparticle forces under weak fields governed by the linear polarisation of the particles. However, there are in fact many fundamental differences in the physical mechanism for the field-induced behavior, and these become more apparent as the field strength is raised. For example, in ERF, the behaviour of the charge carriers (ie conductivity) will dominate the interparticle forces and hence the overall flow resistance, whereas in MRF, although there are no magnetic monopoles, magnetic saturation will govern the interparticle forces under large magnetic fields. Another issue is sedimentation, which occurs in most particulate suspensions containing micron-sized particles, but is particularly a major technical concern in MRF due to the high metallic content of the particles.
Indeed, the extent of our incomplete understanding of the mechanisms and rheological behavior of MRF and ERF, can be gauged from the fact that the basic physical reason as to why MRFs can achieve yield stresses of the order of 100kPa, whereas yield stresses in ERFs are typically an order of magnitude less, is still unclear -is there possibly a fundamental physical limitation to the yield stress that can be achieved with the electrical systems?
In recent years, there has been considerable progress made in the theoretical modelling of the underlying mechanisms behind the complex behavior of MRF and ERF : for example the "twozone" models for the interparticle forces, as well as the "continuum" approaches to modelling the particle aggregates. However, modelling techniques have yet to progress to the stage where we are able to predict a priori the field-induced rheological behaviour, given the physical properties of the constituent materials.
There are still many challenges to be met before the full potential of MRF and ERF technology on engineering can be realised, and the level of research activity in these materials continues to be high. For example, the recent international conferences [20] [21] [22] have been large affairs, each lasting for several days with over 100 papers presented on all aspects of ERF and MRF. The next international conference will be held in Nice, France in July 2001. As an overall trend, it is interesting to observe that the proportion of papers on MRF has clearly increased in recent years: MRF accounted for 35% of the papers at the 1999 conference [22] , compared to 22% at the previous conference in 1997 [21] . It is hoped that the ongoing worldwide research effort continues to deepen our understanding of ERF and MRF. This article has been an attempt to survey some of the mechanisms and unresolved issues related to these fascinating materials which show such enormous promise.
